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I n the United States, hemorrhage is the primary cause of death in 40% to 60% of traumatic injuries (1) , and the leading cause of death in children (2) . The coagulopathy of trauma that is associated with severity of injury is a process that is well described (3) . Massive transfusion, defined as Ն10 units of red blood cells (RBCs) in 24 hours for adults correlates to ϳ50 mL/kg of RBCs in 24 hours in children, although in children this is not clearly defined. Both coagulopathy and massive transfusion have been independently associated with an increased risk of mortality in patients with traumatic injuries (3, 4) .
Hemostatic or damage control resuscitation is an emerging concept that has been applied to the management of severe trauma patients who present with or develop a coagulopathy (5) . It includes rapid surgical control of bleeding, with aggressive treatment of coagulopathy, with a 1:1:1 unit ratio of plasma: RBCs: platelets, and the early use of cryoprecipitate and recombinant activated factor VII (rFVIIa), while simultaneously minimizing the use of products that exacerbate dilutional coagulopathy such as excessive crystalloid and RBC transfusions. Massive transfusion is associated with high mortality: more than 60% of these patients die within 6 hours of admission (6) . Rapid and aggressive treatment of the coagulopathy of trauma improves survival (8, 9) .
A laboratory method that may be a helpful adjunct to perform targeted hemostatic resuscitation is thromboelastography (TEG). TEG is a rapid point-of-care test that qualitatively measures the entire coagulation cascade, including fibrinolysis, in whole blood (10 -12) . This case report describes the use of TEG to direct hemostatic resuscitation, including the administration of rFVIIa, in a child with traumatic injury who required massive transfusion.
CASE REPORT
The institutional review board was consulted; it approved the following case report and waived the need for consent. A 5-year-old, 24 kg, Hispanic male pedestrian was struck by a pickup truck. On arrival to Wilford Hall Trauma Center, the patient was unresponsive and in uncompensated hemorrhagic shock. Patient vital signs, laboratory values, TEG values, crystalloid amount, and blood products transfused are summarized according to hospital location and time in Table 1 .
Initial evaluation in the trauma bay with focused abdominal sonogram for trauma revealed hepato-renal and splenorenal free fluid. Computerized tomography scans revealed a 1.1 ϫ 1 cm left frontal cerebral intraparenchymal hemorrhage, a large right pulmonary contusion, a small left pulmonary contusion, a grade IV liver laceration, a spleen laceration, and free fluid in abdomen. On laparotomy, a grade IV liver injury with KEY WORDS: thromboelastography; coagulopathy; trauma; children; recombinant activated factor VII right common hepatic artery laceration was recognized. Hemostasis could not safely be obtained directly and was temporized by packing the abdominal cavity. During this procedure TEG (TEG 5000, software version 3, Hemoscope, Niles, IL) analysis was performed. Within 5 minutes of sampling, TEG results indicated an R-time of 1.5 minutes, low normal alpha angle of 48.0°, and prolonged Ktime at 4.3 minutes. On the basis of these results and the severity of the injury, 2.4 mg (100 g/kg) of rFVIIa was immediately given with 500 mL of fresh frozen plasma and 4 units of cryoprecipitate. When additional TEG results of maximum amplitude (MA) 44.1 mm (decreased), and G 4.0 dynes/cm 2 (decreased) were reported, 2 units of apheresed platelets were transfused (see Table 2 for description and interpretation of TEG values). Standard coagulation laboratory values (platelet concentration, international normalized ratio [INR] , fibrinogen) were reported 50 minutes after TEG values.
Definitive hemostatic control was deferred to interventional radiology for coil embolization of the right common hepatic artery. In interventional radiology as a result of continuing abdominal hemorrhage another 2.4 mg (100 g/kg) of rFVIIa was given with additional fresh frozen plasma. Immediately after embolization, a detectable blood pressure was obtained at 130/88 mm Hg and the heart rate decreased to 150 beats per minute.
On transfer to the pediatric intensive care unit, repeat TEG analysis revealed normal coagulation function ( Table 1) . The total amount of crystalloids and blood products given from injury to control of bleeding was 2560 mL of normal saline, 2420 mL (100 mL/kg) RBCs, 1385 mL plasma, 480 mL apheresed platelets, 4 units cryoprecipitate, and 4.8 mg rFVIIa.
Following massive resuscitation and embolization of the right common hepatic artery, the patient's metabolic acidosis and vital signs normalized within hours. Computed tomography revealed the size of both the intraparenchymal cerebral hematoma, and the pulmonary contusion remained stable 16 hours after the initial evaluation. The patient was hospitalized for 13 days and was then discharged. On follow-up examination 2 months postinjury, he had fully recovered without neurologic deficits.
DISCUSSION
TEG to direct the resuscitation of traumatic injuries in children has not been described previously in the literature. It is possible that the use of TEG facilitated the appropriate use of blood products, led to effective treatment of the coagulopathy, and minimized the risk of cerebral or pulmonary edema in this child with cerebral and pulmonary lesions. Despite the initial severe coagulopathy, the appropriate treatment of coagulopathy in our patient was evidenced by the normalization of TEG values postresuscitation, immediately upon direct control of a major vascular injury. TEG may also prevent the excessive use of blood products for patients with traumatic injuries as a result of more rapid cessation of bleeding. Utilization of TEG has been associated with decreased use of blood products for adults requiring cardiovascular surgery (10) . This is important in critically ill children since increased use of RBCs has been associated with increased morbidity and mortality (13, 14) . Compared with TEG, the standard approach to measuring the coagulation system in patients has several disadvantages. It takes longer to get PT or partial thromboplastin time, INR, platelet and fibrinogen concentrations results (30 -60 minutes) than initial TEG parameters (10 minutes). Recently, with point of care testing, INR and PT can be determined within 2 minutes. PT and partial thromboplastin time only evaluate partial aspects of the coagulation cascade, and since these standard tests are performed with plasma, the interaction between coagulation factors and platelets cannot be assessed. In addition, fibrinogen and platelet function cannot be measured rapidly with standard testing as is possible with TEG.
TEG may be able to guide appropriate dosing of rFVIIa (15) and may provide more accurate measurements of rFVIIa efficacy than PT. Since rFVIIa directly corrects PT in vitro, it is a poor indicator of in vivo hemostasis or efficacy if PT normalizes with rFVIIa use (16) . However, correction of kaolin-activated TEG parameters with rFVIIa indicates in vivo efficacy (16) . Future studies are needed to evaluate the role of TEG to direct rFVIIa use for patients with severe trauma who require rapid correction or treatment of the coagulopathy of trauma.
The principles and clinical applications of TEG have been reviewed previously (10 -12, 17, 18) . TEG was first utilized to describe the coagulopathy of trauma in 1969 (19) . Its use in trauma has become more popular in recent years as it has been found to be quick and simple, and because it provides a broad functional evaluation of the entire coagulation process (12, 20 -22) . Parameters of a TEG tracing include R-time, K-time, alpha angle, MA, shear elastic modulus (G-value), and lysis at 30 minutes (Fig.  1) . Normal values for kaolin-activated samples are described in Table 2 . The effects of the activator being used is very important for the users of TEG to understand and the interpretation of TEG values must be done according to normal values for that specific activator. Just as this is done with PT or partial thromboplastin time PTT testing, this needs to be done with TEG measurements. It is also important for providers who are interpreting TEG results to understand how different activators can influence the results of different hemostatic agents (23) . Pediatric values from 28 weeks gestation have been reported to be equal to adult values (24) .
The initial TEG results of our patient showed a decreased R-time, prolonged Ktime, and decreased MA and G-value. These results combined with the patient's severe hemodynamic instability indicated that plasma, cryoprecipitate, platelets, and rFVIIa were needed based on the algorithm developed and utilized by the by trauma service at Wilford Hall Trauma Center for the past 3 years (Table 3 ). The pattern of shortened R-time and prolonged K-time is often seen in patients with traumatic injury after resuscitation with crystalloids, and is possibly explained by the effect of hemodilution on R-time (25) . This may be explained by a relative decrease in anti-thrombin III concentrations as a result of the mild to moderate hemodilution (26) or may be a result of procoagulant effects secondary to the proinflammatory effects of crystalloid infusions (27, 28) . Therefore, in the patient we present, the pattern of a short R-time and lengthened K-time, reduced MA and G-value is consistent with mild to moderate hemodilution and coagulopathy secondary to trauma that required the administration of clotting factors, fibrinogen, and platelets. Increased factor and platelet interactions from pharmacologic dosing of rFVIIa may have provided an additional benefit (29) . This effect further supports our use of rFVIIa with lifethreatening bleeding for patients with increased K-times in our Wilford Hall Trauma Center algorithm despite the shortened R-time. The use of rFVIIa for patients with traumatic injuries is controversial due to the concern for increased thrombotic risks. A prospective randomized controlled trial in adult patients with blunt trauma (30), did not indicate increased thrombotic risk with rFVIIa use, but did reveal that rFVIIa use was associated with decreased acute respiratory distress syndrome. Studies large enough to evaluate its effect on survival have not been completed.
Recently, the advantages of TEG compared with standard laboratory analysis of coagulation in accurately assessing the coagulation status of patients, and to determine the efficacy of rFVIIa, have been discussed (12, 21, 22) . A major advantage of TEG is that it rapidly provides a qualitative or functional measurement of the entire coagulation cascade at the patient's temperature. TEG utilizes whole blood and therefore is able to asses the interaction between coagulation factors and platelets. Abnormalities in R and K times and alpha-angle can be determined within 10 minutes of sampling, which can be used to determine whether fresh frozen plasma, cryoprecipitate, platelets, or rFVIIa is indicated. The use of TEG to direct the use of hemostatic agents is not limited to rFVIIa and can be applied to other agents such as factor eight inhibitor by-passing activity.
Additionally, TEG is the only readily available method to accurately assess the fibrinolytic system (31) . Studies in adults indicate that 20% of severe trauma patients have hyperfibrinolysis (16) . The potential for TEG to determine which patients would benefit from antifibrinolytic therapies is currently being explored (32) .
TEG can also be used to either indicate or exclude the use of rFVIIa. Most patients with trauma are hypercoaguable (12) . TEG can identify a hypercoaguable state (short R-and K-time with increased alpha angle, MA, or G) and prevent the inappropriate use of hemostatic agents such as rFVIIa (12, 21) . TEG also provides objective data that can be interpreted to determine whether more coagulation factors or platelet activation is needed for thrombin generation and clot strength. If coagulation factors are deficient (prolonged R-time), thrombin generation is decreased (prolonged K-time, decreased alpha angle) or clot strength is weak (low MA) then rFVIIa is potentially indicated (Table 3) , as long as there is adequate fibrinogen and platelet function, which can also be assessed by TEG.
If the transfusion of blood products had been conducted by the classic approach, which utilizes standard laboratory analysis to guide resuscitation, plasma administration may have been delayed while waiting for PT results (the PT was reported 50 minutes after TEG results in the operating room) and platelets and cryoprecipitate may not have been transfused (Table 1) . Compared with empirical formulas, TEG directs and confirms which specific products are needed to optimize coagulation. Recent review articles have suggested an approach termed "damage control resuscitation," (or alternatively, "hemostatic resuscita- tion"), for patients who present with the coagulopathy of trauma. This is described as rapid surgical control of bleeding with the transfusion of a 1:1:1 ratio of plasma: RBCs: platelets, with the early administration of cryoprecipitate, rFVIIa, and with an emphasis on decreased use of crystalloid solutions (5) . Retrospective studies have associated this approach with improved survival in patients with severe traumatic injury (8) , including a retrospective report that associated the early use of rFVIIa in patients with severe penetrating trauma with improved 30-day survival (9) . The importance of rapid treatment and correction of the coagulopathy of trauma is highlighted by the evidence that the majority of patients with severe trauma and massive transfusion who die do so within 6 hours. TEG has the potential to augment damage control resuscitation by providing rapid assessment of coagulation deficits that will aid in the administration and titration of prohemostatic products such as platelets, fibrinogen in the form of cryoprecipitate, and rFVIIa. In addition, the rapid and targeted correction of coagulopathy may minimize the use of crystalloids and RBCs, which is advantageous since excessive use of crystalloids and RBCs have both been associated with increased risk of morbidity and mortality (14, 27, 33, 34) .
Limitations of TEG include the need for dedicated personnel to run the test as well as initial education of providers in the interpretation of TEG values. TEG measures the function of hemostasis and does not directly quantitatively measure individual factors, fibrinogen, or platelets. Whether TEG decreases blood product utilization or improves outcomes in children or adults with traumatic injuries is currently unknown. The algorithm we utilize and describe in this report has not been validated to decrease blood product transfusion or to improve clinical outcomes.
CONCLUSIONS
TEG has the potential to be an effective method to rapidly direct hemostatic resuscitation in patients with the coagulopathy of trauma. TEG is a quick and focused method of qualitatively assessing the entire coagulation cascade from clot formation to fibrinolysis and can be used to guide a targeted transfusion approach to the treatment of coagulopathy. Prospective studies that evaluate the ability of TEG to decrease transfusion requirements and improve morbidity and mortality outcomes in children with traumatic injuries are needed.
